1g67.-Glucose uptake by the perfused rat heart was measured over a range of left ventricular pressure development. G LUCOSE TRANSPORT has been found to be the major rate-controlling reaction for consumption of exogenous glucose by the perfused rat heart (5, I 4, 19). Transport appears to involve combination of the sugar with a mobile constituent or carrier in the membrane (I 6, I 9 As described in the preceding paper (18), the perfused rat heart preparation was modified to permit metabolic studies over a range of heart work and pressure development.
In the present paper, increased pressure development is shown to stimulate the rate of glucose transport.
This effect appears to be due to an increase in the maximal transport rate. In addition, the sensitivity of sugar transport to stimulation by insulin was increased in working hearts. The findings in heart and skeletal muscle preparations indicate that stimulation of sugar transport by exercise may be a phenomenon occurring generally in muscle tissue.
NEELY, LIEBERMEISTER, AND MORGAN not added to the buffer used for preliminary perfusion of the heart. After [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] min of preliminary perfusion, buffer containing 13 111~ L-arabinose was recirculated for [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] min. Sorbitol-3H was used to estimate the extracellular space. Analysis of hearts. At the end of glucose uptake experiments, hearts were frozen while still being perfused by clamping the tissue between blocks of aluminum cooled to the temperature of liquid nitrogen (29). The tissue was powdered in a percussion mortar at liquid nitrogen temperatures.
The powdering of tissue has been mechanized recently by modifying the pestle to fit into an electrically powered air hammer (Ski1 Roto-Hammer, model No. 726). The mortar and pestle were designed as shown in Fig. I . After a hammering period of 5 set, the pestle was lifted and rotated 180 C. Two additional hammering periods of 5 set each were adequate to produce a fine powder that could be easily extracted. Much of the powder accumulated in the space provided around the lower end of the pestle. Powder was removed from the mortar with a spatula that had been chilled in liquid nitrogen. One aliquot was transferred to a weighed cup formed from aluminum foil for estimation of dry weight. A second aliquot for estimation of the glycogen content was added to a weighed glass centrifuge tube containing 0.6 ml 30 %I KOH. The tube was standing in liquid nitrogen.
After addition of the powder, the tube was reweighed.
The alkali was allowed to thaw at -IO C and was mixed with the powder on a Vortex mixer. At the end of experiments with L-arabinose, the hearts were cut from the cannula into a beaker of ice-cold saline, opened, and blotted 011 filter paper. The tissue was frozen as described above. Pentose was extracted from the tissue in boiling water as described earlier (I 3). The extract was treated with Ba (OH)2 and ZnSO+ All perfusates were treated with Ba (OH)2 and ZnS04 prior to analysis. Aliquots of extract and perfusate were analyzed by the glucose oxidase method (9). The enzymes were diluted in tris (THAM) buffer to prevent the polysaccharidases which contaminate the enzymes from degrading glycogen in the tissue extract. Sorbitol-3H was estimated by liquid-scintillation counting ( I 4). Lactate analyses were performed by the method of Barker and Summerson ( I ). L-Arabinose was estimated by the method of Roe and Rice (25) .
Sugar and sorbitol spaces and intracellular sugar concentrations were calculated as described previously (I 4). All results are expressed per gram of dry heart weight.
Estimation of interstitial glucose concentrations. In earlier experiments (I 4) the glucose concentration difference between the capillary and interstitial spaces at various rates of glucose uptake was estimated from the following formula : concentration difference = resistance to glucose transfer X glucose uptake. Resistance to glucose transfer was estimated from the rate of sorbitol distribution and found to be 3.4 hr/liter per g. This value applied to the large extracellular compartment (I .35 ml/g) which was assumed to be well mixed. The resistance of the small extracellular compartment was so great as to preclude transfer through it as a step in glucose uptake.
The difference in glucose concentration could also be estimated by comparison of the simultaneously measured (Table   2) and in the Langendorff preparation, except for those perfused at 80 and 120 mm Hg aortic pressure with I. 7 mM glucose (Table   I) .
From these studies, the conclusion was reached that extracellular resistance to glucose transfer restricted glucose uptake by no more than 20 % at physiological glucose concentrations and low levels of pressure development.
With low perfusate glucose concentrations and high pressure development, extracellular transfer could restrict glucose uptake by as much as 50 7%.
Transport of glucose in working and Langendor$ heart preparations. Glucose uptake could be equated with net glucose transport under all conditions since all glucose taken up must penetrate the cell. Inward transport could be estimated to a first approximation in circumstances in which the concentration of intracellular free glucose was low enough that outward transport was relatively slow. Under these conditions, inward transport was approximately equal to glucose uptake. Intracellular free glucose was considered to be very low when the glucose space was equal to or less than extracellular volume. Glucose uptake of the Langendorff preparation increased as perfusion pressure was raised from 60 to I 20 mm Hg at the three perfusate gl ucose concentrations tested (Table  I) . At 40 mm Hg, glucose uptake was somewhat higher than at 60 mm Hg. In general, uptake also rose as perfusate glucose was increased at each perfusion nressure. At 60 mm Hg uptake w as the same at 5 and 15 mM glucose; but at 120 mm Hg, uptake continued to increase as perfusate glucose was raised to 15 mM. Intracellular free glucose remained below the level of detection under all conditions tested. Under these conditions, the values for uptake provided an approximate measure of inward transport. Glucose uptake of the working rat heart increased at the three perfusate glucose concentrations tested as left atria1 filling pressure was raised from o to 20 cm Hz0 ( Table 2 ). As atria1 pressure was increased from o to 20 cm Hz0 cardiac output rose from 60 to 300 ml/g per min and peak systolic pressure rose from 63 to 120 mm Hg ( I 8). In general, uptake increased as perfusate glucose was raised at each left atria1 pressure. At o cm Hz0 atria1 filling pressure, uptake was the same at 5 and 15 mM glucose ; but at 20 cm H20, uptake continued to increase as perfusate glucose was elevated. Intracellular free glucose did not reach levels statistically greater than zero under any of these conditions.
As a result, uptake rates were approximately equal to rates of inward glucose transport. At the higher atria1 pressures, uptake rates could be measured with sufficient precision to permit an estimate of transport kinetics. The process appeared to conform to Michaelis-Menten kinetics. When heart work was increased by raising atria1 pressure from 5 to 20 cm HZO, the maximal rate increased from 2 I 3 to 5gg /Imoles/g per hr (Fig. 2) . The apparent K, ranged from 3.1 to 1.8 111~.
These experiments indicated that membrane transport of glucose was the major limiting step for consumption of exogenous glucose in the working or Langendorff preparations.
As pressure development was increased either by increasing perfusion pressure in Langendorff preparations or by raising left atria1 filling pressure in working hearts, transport was accelerated as much as sevenfold. An increase in the maximal rate of transport was a prominent part of this effect. Glycogen consumption and lactate production. Glycogen content of the Langendorff preparation was well maintained at 60 mm Hg perfusion pressure but fell at 80 and 120 mm Hg (Table   I ).
In the working heart, glycogen content fell progressively as increased work loads were imposed (Table 2) . At the highest atria1 filling pressure, 50-85 ',':I o f the glycogen had disappeared after I hr of perfusion.
Glycogenolysis was significantly reduced as perfusate glucose was increased.
In general, lactate release into the medium accounted for less than I 3 % of the glucose and glycogen consumed by Langendorff preparations. Lactate production by hearts perfused at 80 and 120 mm Hg with buffer containing I5 lllM glucose accounted for 23 and 32 %, respectively, of the glucose and glycogen consumed. As perfusion pressure was increased from 60 to I 20 mm Hg, the coronary venous oxygen tension was maintained at about 31 o mm Hg (18), indicating that increasing lactate production was not due to hypoxemia. At 40 mm Hg, lactate production was somewhat higher than at 60 mm Hg, perhaps due to a lower coronary flow at the low perfusion pressure ( I 8). When the atria1 pressure of working hearts was o-5 cm H20, lactate production accounted for less than I 2 % of glucose and glycogen consumption (Table   2) .
At 20 cm HPO, lactate production accounted for I 8 and 27 % of glucose and glycogen consumption at 5 and 15 mM glucose, respectively. Lactate production accounted for less than 6 % of the glucose and glycogen consumed by hearts perfused with 2.2 mM glucose over the entire range of atria1 pressure.
Stability of glucose @take and lactate production in working and Langendorf preparations. The rate of glucose uptake of working or Langendorff preparations increased during the 2nd hr of perfusion.
In contrast, lactate production and OZ consumption (18) did not change significantly. During the 1st hr of perfusion, glucose and glycogen c9nsumption
by Langendorff preparations (Tables   I   and 3) 10 (36) 20 (7) IO (8) IO (8) 10 (30) IO (20) Arabi nose Sorbitol Space,* ml/g space,* ml/g Sensitivity of L-arabinose transkort to stimulation by insulin. An additional mechanism for regulation of transport was demonstrated by studying the sensitivity of the process to stimulation by insulin (Fig. 3) . Three-tenths of a milliunit of insulin per milliliter was required to accelerate transport in the Langendorff preparation but 0.1 mu/ml was effective in working preparations. These observations suggested that uptake of glucose by working muscle will be favored over uptake by relatively quiescent muscle.
DISCUSSION
Glucose uptake by the perfused rat heart has been considered to consist of three steps: extracellular transfer, membrane transport, and intracellular phosphorylation (14, I 5). Extracellular transfer did not appear to restrict uptake significantly except when glucose concentrations were below the physiological range and uptake was increased by insulin or anoxia. Membrane transport appeared to be the major limiting step for uptake by the Langendorff preparation. When transport was accelerated by insulin or anoxia, phosphorylation became the major restriction.
An increase in glucose utilization when cardiac activity was increased has been reported in several earlier studies (2, 20, 24) . Recently Opie (2 I ) reported a significant increase in glucose oxidation but not uptake in the isovolumic contracting rat heart as contractility was increased.
The failure to detect an increase in uptake may have been due to a two-to threefold higher control rate of glucose uptake than that found for the Langendorff preparation perfused at 60 mm Hg (Table   I ).
His preparation also appeared to have an unstable mechanical performance since it was necessary to constantly increase the perfusion pressure to maintain coronarv flow.
In the present study, increasing ventricular pressure development in both working and Langendorff preparations resulted in progressive acceleration of glucose uptake. When pressure development was expressed as pressure-time integral, glucose uptake increased proportionatelv , more than pressure development. This relationship resulted in a straight line when plotted on sernilog paper (Fig. 4) (14) and of the steadystate distribution of glucose (Tables  I and 2 tion involves measurement of net transport these experiments do not define the insulin sensitivity of the heart. Only a large change in transport rate could be detected by this technique.
This property of working tissue provides a system for the conservation of glucose by favoring glucose utilization by active tissues while preventing consumption by well-oxygenated and relatively quiescent cells.
Membrane transport remained the major rate-limiting step for glucose uptake at increased levels of cardiac activity as a result of a simultaneous activation of glucose phosphorylation.
The rate of phosphorylation was taken to equal the rate of free glucose disappearance from the system. In order to know whether phosphorylation was stimulated by processes other than increased availability of substrate, it was essential to relate the rate to the intracellular glucose concentration. Hearts perfused at 20 cm Hz0 atria1 pressure with buffer containing 16 1x1~ glucose were able to phosphorylate 4gg pmoles glucose/g per hr whereas the free intracellular glucose concentration remained below the level of detection (Table   2 ).
When intracellular availability of glucose in the Langendorff preparation (perfused at 60 mm Hg aortic pressure) was increased by insulin, glucose phosphorylation averaged 373 pmoles/g per hr when the intracellular free glucose was 5.9 mM (I 7). Since a higher phosphorylation rate was observed at a lower substrate concentration in the working heart than in the Langendorff preparation, increased myocardial pressure development accelerated glucose phosphorylation. Anaerobiosis has been found to accelerate transport in NEELY, LIEBERMEISTER, AND MORGAN diaphragm (23), heart (13), and frog muscle (22) . In earlier in vivo studies of the effect of exercise (4, 6, 7, 26) hypoxia may have partially accounted for the acceleration of transport. As judged by coronary effluent Paz and lactate production, hypoxia did not develop in the perfused rat heart when pressure development was raised, although oxygen consumption increased 2.5-fold. The possibility that a large gradient of oxygen tension developed between the capillary and the cell as pressure development was increased has not been ruled out. The fact that lactate production accounted for only a small fraction of the glucose and glycogen that were consumed argues against at least severe degrees of tissue hypoxia in either the working or Langendorff preparation. The rates of glucose and L-arabinose transport reported in this paper for the Langendorff preparation are much lower than those reported earlier from this laboratory (I 3, 14) . The decrease in transport rate paralleled improvements in stability and performance of the preparation.
Factors involved in improved stability were discussed in the preceding paper (I 8). As a result of a decrease in the control rate, effects of insulin and anoxia are proportionately much greater than those found earlier (I 7).
